We study the effect of defects on the lineshapes of Electron Paramagnetic Resonance (EPR) spectra for the molecular magnet Mn 12 when an applied field along the crystal c axis is swept with the frequency held fixed. Defects in a sample may cause local rotations of the magnetization easy axes of the molecules. Perturbation theory with a single-spin Hamiltonian expressed in terms of spin operators along the molecular axes, indicates that these local rotations produce asymmetric EPR spectra, that the direction of the asymmetry depends on the energy well within which the EPR transition occurs, and that its magnitude depends on the frequency, the energy level, and the distribution of the tilt angle. To predict observable spectra, we calculate the probability distribution functions for the resonant fields with distributions in the tilt angle, the uniaxial anisotropy parameter, and the Landé g-factor. We also discuss optimal conditions under which the asymmetry may be observed experimentally. Knowledge of the asymmetries in the spectra should enable 1 one to estimate the width of the distribution of easy-axis directions. This information may be relevant to a distribution in tunnel splittings for Mn 12 .
one to estimate the width of the distribution of easy-axis directions. This information may be relevant to a distribution in tunnel splittings for Mn 12 teractions between different molecules are small. The magnetic moments of the molecules are most easily aligned along the crystal c axis, which is thus the easy axis for a perfect crystal. There is a zero-field energy barrier of approximately 65 K against magnetization reversal.
15,16
Electron Paramagnetic Resonance (EPR) spectroscopy is an excellent tool to probe different kinds of molecular magnets, especially to estimate crystal-field parameters in a single-spin Hamiltonian. It provides the zero-field energy barrier against magnetization reversal, the zero-field splittings, and the energy-level diagram of the system. 15, [17] [18] [19] [20] [21] [22] [23] [24] All of this information is needed to understand pure or thermally-assisted quantum tunneling.
provided the impetus for the present undertaking.
In this paper we suggest a possible explanation for the asymmetric EPR lineshapes in terms of defects or dislocations (or strain) in a sample. The important role of dislocations in the tunneling mechanism was recently emphasized in Refs. 29 and 30. Here we focus on the following aspect of defects or strain: Because of defects, each molecule sees a (mean-field type) crystal field caused by the other molecules, which is different from that in a perfect crystal. The defects effectively tilt the easy magnetization axes of the molecules away from the crystal c axis. A molecule whose easy magnetization axis is not perfectly aligned with the c axis is in resonance at a different magnetic field than a molecule whose easy axis is aligned with the c axis. This changes the shapes of the EPR spectra. In contrast to the symmetric line broadening due to the intermolecular dipolar interactions and distributions in D and g, 26 this effect yields asymmetric lineshapes. The direction of the asymmetry depends on which of the two energy wells of the molecules the EPR transition occurs in (see Fig. 2 ), while its magnitude depends on the EPR frequency, the energy level M s relevant to the transition, and the distribution in the easy-axis tilt angle. For transitions in the stable energy well (the right-hand well in Fig. 2 ), the resonance spectra show long tails in the direction of increasing field, whereas for transitions in the metastable energy well (the left-hand well in Fig. 2 ), the spectra show long tails in the direction of decreasing field. For the former transitions, the magnitude of the asymmetry increases with decreasing |M s | and increasing frequency, while for the latter transitions it increases with increasing |M s | and decreasing frequency.
The remainder of this paper is organized as follows. In Sec. II the model is described, and in Sec. III the resonant field is calculated as a function of the rotation angle θ (which is the tilt angle of the crystal c axis with respect to the molecular easy axis), and the direction and the magnitude of the asymmetry in the resonant fields are discussed. In Sec. IV we calculate the probability distribution functions of the resonant fields, including the distributions in θ, D, and g, to predict the asymmetry in the spectra. In Sec. V we present a discussion and our conclusions.
II. MODEL
In the presence of defects or impurities in a sample, molecules will be displaced or rotated from their original positions. Consequently, each molecule sees a slightly different crystal field caused by the surrounding molecules, compared to that seen in a perfect crystal. We propose that this slightly different crystal field results in a local rotation of the magnetization easy axis of each molecule by an angle θ away from the crystal c axis. The majority of the molecules are assumed to have their easy axes almost aligned with the c axis, so the tilt angle θ is assumed to have a Gaussian distribution about zero with a small standard deviation. Hereafter a, b, and c denote the crystal axes, while x, y, and z denote the molecular (magnetic) anisotropy axes of a single molecule. In this study, we consider the case of varying the magnetic field at a fixed EPR frequency (roughly 50 to 500 GHz) when the external magnetic field is applied along the c axis.
We confine our study to the uniaxial molecular magnet, Mn 12 , because of its very small transverse anisotropy compared to its uniaxial anisotropy. Additional transverse anisotropy terms or small transverse magnetic fields at θ = 0 may also produce asymmetry in the spectra, because of nonlinear relationships between the energy cost of an EPR transition and the sweeping field. For Mn 12 , the small transverse anisotropy enables us to concentrate on the asymmetry effect caused by a distribution in θ only.
Our goal is to investigate how local rotations of the molecular anisotropy axes caused by defects affect the lineshapes of EPR spectra as functions of frequency and energy level, and to predict EPR spectra which may be compared with experimental data. For the single crystal of Mn 12 examined in Ref. 26 , it was found that the effects of D-strain and g-strain are more significant than dipolar interactions. Therefore we need to combine the effects of D-strain and g-strain with the effect of local rotations of the easy axes in order to obtain realistic spectra. After analytically calculating the resonant field as a function of θ, D, and g, we numerically obtain the probability distribution function of the resonant field, assuming
Gaussian distributions in θ, D and g. We do not take into account the effects of natural linewidths, dipolar interactions, or temperature on the lineshapes.
When an external magnetic field is applied along the c axis, and the magnetic anisotropy easy axis of a single molecule (the z axis) is tilted by θ away from the c axis, the singlespin ground-state Hamiltonian is, to lowest order, in terms of the spin operators along the molecular axes, 
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We can also write the single-spin Hamiltonian in terms of spin operators along the crystal axes. Both forms of the Hamiltonian represent the same system. (See Appendix A.)
III. RESONANT FIELDS
To calculate perturbatively, to lowest order, the resonant fields with the Hamiltonian
(1), we assume that the tilt angle θ is very small. This assumption is probably valid because a large misalignment between the crystal c axis and the magnetic easy axis of a molecule (the z axis) has never been reported. Then taking V ≡ −gµ B H sin θ(sin ψ S x + cos ψ S y )
as a small perturbation to the rest of the terms in H, we obtain the second-order perturbed energy E
(2)
where η ≡ (gµ B H sin θ)/2, and E (0) 
where ν is the frequency of the applied microwave radiation in the EPR experiment. The resonance equation is quartic in H, so its solutions are complicated and not very enlightening.
To obtain a simple analytic expression for the resonant field, we substitute the unperturbed expression for the resonant field H 0 [for example, for the transition between the levels |M s | and
Then we obtain the resonant fields as follows:
Notice that the sign of the term proportional to
represent transitions among energy levels in the stable energy well (see Fig. 2 ). The second type, −|M s | → −|M s | + 1, corresponds to transitions among energy levels in the metastable energy well (see Fig. 2 ). In zero field |M s | can go from 1 to 10 for both types of transitions.
But in nonzero fields the range of allowed |M s | values in an energy well varies with the applied field. At low frequencies both types of transitions are observed, while at high frequencies only transitions in the stable well are observed. This is because at high frequencies the EPR excitation energy exceeds the difference in adjacent energy levels relevant to the transitions.
Our approximation [Eqs. (3) and (4)] is valid when the absolute value of the ratio between the second-order and the zero-order terms becomes very small compared to unity: 
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Next we examine the consequences of the nonzero θ on the resonant fields, Eqs. (3) and (4), as functions of the frequency and the energy level. Gaussian distributions in D and g provide symmetric distributions in the resonant fields. However, a Gaussian distribution in θ lets the molecules have smaller or larger resonant fields than that for θ = 0, in an asymmetric fashion. This yields asymmetric tails in the average lineshapes of EPR spectra.
To investigate the asymmetry effect as a function of ν and M s , we define the quantity Fig. 6(b) ]. It should be recalled that our approximation breaks down at low frequencies and high |M s | [ Fig. 3(b) ].
For comparison with Eqs. (3) and (4), we calculate the resonant fields with the Hamiltonian (A1), assuming that the Zeeman energy is much larger than the zero-field anisotropy energy. (See Appendix A.) As shown in Fig. 4 , the resonant fields obtained with this approximation are in a poor agreement with the exact results, compared to Eqs. (3) and (4).
Furthermore, the asymmetry in the resonant fields, A(ν, |M s |, θ), does not depend on the frequency in this approximation.
IV. DISTRIBUTION FUNCTIONS FOR THE RESONANT FIELDS
Since we obtained the resonant fields as functions of g, D, and θ in Eqs. (3) and (4), we now calculate numerically the probability distribution functions (pdf) for the resonant fields, using Gaussian distributions in g, D, and θ, to predict the measured EPR spectra.
The pdf of the resonant field, F H (H), can be calculated as follows.
where H denotes the resonant field, Eq. As expected from the previous section (see Fig. 6 ), for M s = 2 → 1 [Figs. 7(a) and (b)
for ν = 66.135 GHz and ν = 200 GHz, respectively], the long tail of each pdf appears on the right hand side of the maximum of the pdf (the peak field). For both frequencies, the long tails are recognizable even for σ θ ≈ 2.9
• , and they become prominent for σ θ ≈ 5.7
• . For M s = 3 → 2, at the lower frequency (ν = 66.135 GHz), it is hard to visually recognize any asymmetry [ Fig. 7(c) ] because the asymmetry is much smaller and the symmetric linewidth is larger than for M s = 2 → 1. However, we see a small shift of the peak field towards higher fields as σ θ increases from 2.9
• to 5.7
• . As the frequency increases, the asymmetry effect is To quantify the asymmetry, we calculate the third central moment of the resonant-field distribution, (H − H ) 3 , and the difference between the average field and the peak field, ( H −H peak ), for the transitions shown in Fig. 7 (see Tables I and II 
V. DISCUSSION AND CONCLUSIONS
As shown in Figs. 5, 6, and 7, σ θ ≈ 5.7
• is large enough to observe asymmetric tails in the EPR spectra for some frequencies and energy levels, but small enough to be realistic in experimental samples. We separately discuss the asymmetry in the spectra at a particular To observe asymmetric lineshapes in EPR experiments, one needs to optimize the experimental conditions. First, the asymmetry is more prominent for smaller |M s | for
, but for those transitions the spectral intensity is generally poor at low temperatures because of the small populations in the excited states. Thus the sample temperature must be optimized to achieve a reasonable intensity. Second, one must avoid the level crossings at which levels in the two potential energy wells coincide. 37 If the EPR transitions happen to occur near level-crossing points, the spectra could pick up a large extra line broadening which could prevent one from observing the small asymmetry. As the frequency increases, adjacent energy levels move farther apart, so it becomes easier to avoid level-crossing points in the EPR transitions. Third, one must avoid asymmetries caused by experimental artifacts, such as the presence of standing waves in the EPR probe. 15, 21 Standing waves can cause a severe lineshape distortion due to mixing between a real dispersion spectrum and an imaginary absorption spectrum. This can be avoided by using the resonance cavity EPR technique. 18, 20, 22, 23 Fourth, the choice of frequency is important. To observe two different types of asymmetry (one in the direction of increasing field and the other in the direction of decreasing field) at a single frequency, the frequency must be lower than about 100 GHz.
If the asymmetries are observed in spectra with the optimum experimental conditions, The Hamiltonian shown in this Appendix is equivalent to the Hamiltonian (1), but the approximation used in the calculations are different from those used in Sec. III.
To rewrite this Hamiltonian in terms of the spin operators along the crystal axes, we use the following rotation matrix,
cos ψ cos φ − cos θ sin φ sin ψ cos ψ sin φ + cos θ cos φ sin ψ sin ψ sin θ − sin ψ cos φ − cos θ sin φ cos ψ − sin ψ sin φ + cos θ cos φ cos ψ cos ψ sin θ
where (θ, φ, ψ) are the three Euler angles. 31 Then we obtain
where {A, B} is the anticommutator.
To calculate the resonant fields, we here assume that the Zeeman energy is much larger than the zero-field anisotropy energy, so that the eigenvalues M 
For the transition between the levels |M Fig. 7) . The third root is taken for the third central moments to give the same units for both measures of the asymmetry. For M s = −4, the asymmetry is too small to obtain a reliable moment and difference. A(ν, |Ms|, θ=5.7deg.) (tesla) 
